Mycoplasma agalactiae is the main cause of contagious agalactia, a serious disease of sheep and goats, which has major clinical and economic impacts. We have developed a multilocus sequence typing (MLST) scheme using the sequenced genomes of the M. agalactiae strains PG2 and 5632. An MLST scheme based on the genes gltX, metS, gyrB, tufA and dnaA was designed and in total 3468 bp of sequence were analysed for each strain. MLST offers a highly discriminatory typing method for M. agalactiae and was capable of subdividing 53 strains into 17 distinct sequence types, largely according to geographical origin. MLST detected unexpected diversity in recent isolates from Spain, identifying two novel outliers, and enabled typing of novel Mongolian isolates for the first time. Genetic diversity in the sequenced regions was largely due to mutation, with recombination playing a much smaller role. A web-accessible database has been set up for this MLST scheme for M. agalactiae: http://pubmlst.org/magalactiae/. MLST offers a robust, objective molecular epidemiological tool for M. agalactiae that that enables interlaboratory comparison of data.
INTRODUCTION
Known for nearly 200 years, contagious agalactia is primarily a disease of dairy sheep and goats characterized by mastitis, arthritis and keratoconjunctivitis (OIE, 2003) . It is mainly caused by Mycoplasma agalactiae but in recent years, M. capricolum subsp. capricolum, M. mycoides subsp. capri and M. putrefaciens have also been isolated in many countries from goats with mastitis, arthritis and, occasionally, respiratory disease. The clinical signs of the infections are sufficiently similar to those of contagious agalactia for the Office International des Epizooties to include them as causes of this listed disease (OIE, 2003) .
M. agalactiae is prevalent worldwide but causes particular problems around the Mediterranean basin, where it has a major clinical and economic impact on the small-ruminant dairy industry (Bergonier et al., 1997) . In most cases, infected hosts spontaneously recover from acute clinical signs within a few weeks but develop a chronic infection accompanied by shedding of M. agalactiae in milk and/or other body secretions for years without presenting any clinical signs; these asymptomatic carriers can transmit the bacteria to other susceptible animals and cause acute disease (Bergonier et al., 1997) .
As M. agalactiae shows differing prevalence across the world, and as it is currently absent from some countries, notably the UK, there is a pressing need for molecular epidemiological techniques which enable a high degree of strain differentiation, allowing the tracing of the source of disease outbreaks. Early studies showed that M. agalactiae was largely homogeneous, with PFGE analysis revealing no variation in over 80 Italian isolates although some degree of antigenic variation was evident (Solsona et al., 1996; Tola et al., 1996 Tola et al., , 1997 . Insertion sequence analysis of M. agalactiae isolates of wide geographical origin found some degree of variation, with some isolates containing and others lacking the IS element ISMag, although subtyping isolates was not possible (Pilo et al., 2003) .
Recently the genome of the M. agalactiae type strain PG2 has been sequenced (Sirand-Pugnet et al., 2007) , making it highly amenable to analysis using sequence-based typing methods such as variable number of tandem repeats (VNTR) analysis and multilocus sequence typing (MLST). We have previously described the identification and characterization of VNTRs within the M. agalactiae PG2 genome, the selection of four VNTRs which showed most intraspecific variation, and their use as a molecular epidemiological tool for the analysis of 88 M. agalactiae strains (McAuliffe et al., 2008) . VNTR analysis revealed unexpected diversity among M. agalactiae strains, with 14 different profiles seen (McAuliffe et al., 2008) .
MLST utilizes the sequences of internal fragments of several housekeeping genes for unambiguous characterization of bacterial isolates. For each gene, different sequences are assigned as distinct alleles and, for each isolate, the alleles at each of the loci define the allelic profile or sequence type (ST) (reviewed by Maiden, 2006) .
Although the number of nucleotide differences between alleles is ignored when assigning alleles for epidemiological purposes, the embedded sequence data can provide information about the population structure of the species and the relevant contribution of mutation and recombination in the genetic diversity seen (Feil et al., 2001; Maiden, 2006) . In addition to its use for determining evolutionary relationships between bacteria, MLST offers many advantages over other molecular typing schemes as it is portable and unambiguous, and as data are shared via the internet the results are directly comparable between laboratories around the world.
Originally developed for Neisseria meningitidis (Maiden et al., 1998) , MLST has subsequently been applied to numerous bacterial species, including the porcine pathogen Mycoplasma hyopneumoniae (Mayor et al., 2008) . The present study describes the development and application of a novel MLST scheme to M. agalactiae and a comparison of MLST with a previously developed VNTR scheme.
METHODS
Mycoplasma culture and DNA extraction. M. agalactiae isolates (as listed in Table 3 : see Results) were stored at 280 uC and grown in 3 ml aliquots of Eaton's broth medium (Nicholas & Baker, 1998) for 24 h. A loopful of the culture was then plated on Eaton's solid medium and incubated at 37 uC, 5 % CO 2 for between 48 and 72 h. Single colonies were picked and grown in 3 ml Eaton's broth until growth was detected and then aliquots were frozen in 15 % (v/v) glycerol at -80 uC until required.
Confirmatory tests. DNA from each strain was extracted from 1.5 ml of culture using a Genelute gDNA extraction kit (Sigma), following the manufacturer's instruction. To confirm the identity of the isolates as M. agalactiae, PCR based on the uvrC gene (Subramaniam et al., 1998) and 16S rRNA gene PCR DGGE (McAuliffe et al., 2005) were performed.
Primer design and PCRs. Genes were chosen for MLST based on the sequenced genome of M. agalactiae type strain PG2 (SirandPugnet et al., 2007) . The gene targets and primer sequences are listed in Table 1 . Gene targets were chosen so that they were distributed evenly within the genome as calculated by the distance from the origin of replication. Initially primers (primer set 1) were chosen so that they amplified the whole of the gene. Initial screens looked at genes gyrB, tpi, gltX, recA, uvrC, tufA, dnaA and metS. Primers were chosen so that they had an optimum annealing temperature of 55 uC. All PCRs were carried out using the cycling conditions of denaturation at 94 uC for 5 min followed by 30 cycles of 95 uC for 1 min, 55 uC for 60 s and 72 uC for 1 min, and a final extension step of 72 uC for 10 min; samples were kept at 4 uC until analysis. For the PCR, 1 ml extracted DNA was added as a template to 49 ml of a reaction mixture containing 10 mM Tris/HCl (pH 9.0), 1.5 mM MgCl 2 , 50 mM KCl, 0.1 % Triton X-100, 0.2 mM each deoxynucleoside triphosphate, 0.5 mM each primer and 0.5 U Taqgold (Applied Biosystems). Samples were checked for correct amplification by electrophoresis on a 2 % agarose gel followed by visualization with ethidium bromide under UV illumination.
Initial MLST studies on a subset of eight strains using primer set 1 gave long reads encompassing most of the whole coding region for dnaA, gltX, gyrB, metS, tufA, tpi, recA and uvrC. Analysis of sequences showed some variation in dnaA between 300 and 900 bp, in gltX between 350 and 950 bp, in gyrB between 1000 and 1300 bp, in metS between 500 and 1000 bp and in tufA between 300 and 1100 bp. No variation was seen in tpi, recA or uvrC. Based on these sequences, a new set of internal primers was designed to ensure that high-quality forward and reverse sequence was obtained over the variable regions in gyrB, gltX, metS, tufA and dnaA. These primers (primer set 2) are shown in Table 1 . It was found the set 2 gltX primers that were designed based on the M. agalactiae PG2 genome did not yield amplicons for two strains (L9 and 281F03) and no sequence data could be produced. Therefore additional primers were designed based on the M. agalactiae 5632 genome (Nouvel et al., 2010) . These primers are also given in Table 1 (set 3); they provided high-quality forward and reverse sequence in the region of interest for both L9 and 281F03.
PCR purification and DNA sequencing. PCR products were purified using a Qiaquick PCR purification kit (Qiagen), quantified by running on 2 % agarose E gels with an E gel quantitative ladder (Invitrogen). Sequencing reactions were then carried out using the BigDye v3.1 kit (Applied Biosystems) and samples were run using the ABI Prism 3730 Genetic Analyzer. Sequences were analysed and contigs generated and aligned against a reference sequence using SeqScape v2.6 (Applied Biosystems). Any apparent polymorphisms in sequence were confirmed by manually analysing the sequencing traces.
Allele and ST assignment. Allele numbers were assigned to sequences. For each locus, distinct allele sequences were assigned arbitrary allele numbers in the order of identification. Each genotype was therefore designated by five numbers (e.g. 1-3-2-4-1) that constituted an allelic profile or sequence type (ST; e.g. ST-3). The STs were assigned arbitrary numbers in the order of description.
Data analysis. MLST data analysis was performed using the nonredundant database (NRDB) at pubMLST (http://pubmlst.org/ analysis/) to assign sequence types. Dendrograms to show relatedness between strains based on allelic profiles were constructed using the PHYLIP neighbour-joining methods at http://pubmlst.org/analysis/.
Simpson's index of diversity, which is based on the probability that two unrelated strains will be placed into different typing groups, was calculated according to Hunter & Gaston (1988) . Simpson's index of diversity ranges from 0.0 to 1.0, where 0.0 means that all strains in a population are of an identical type and 1.0 indicates that all of the strains in a population are different and can be distinguished from one other.
BURST analysis to reveal the relationship of MLST sequence types and to analyse clonal complexes was carried out with eBURST V3 (accessible at http://eburst.mlst.net).
The 'standardized' index of association (I A ) was used to test the null hypothesis of linkage equilibrium for multilocus data and therefore determine the relative contribution of mutation and recombination to the diversity seen by MLST. I A is zero for linkage equilibrium and deviation from this indicates a degree of linkage disequilibrium.
Analysis was done using the LIAN program available at http://pubmlst. org/analysis/.
VNTR analysis. VNTR analysis was carried out on new strains not included in our previous study as was described previously (McAuliffe et al., 2008) . Four targets were assessed (VNTR 5 and VNTR 19 in predicted lipoproteins, and VNTR 14 and VNTR 17 in intergenic regions). VNTR profiles were recorded as character data using allelic profiles and then dendrograms were constructed using neighbourjoining with PHYLIP hosted at http://pubmlst.org/analysis/.
RESULTS

Analysis of sequence variation in housekeeping genes
Genetic variation was seen in the genes gyrB, gltX, metS, dnaA and tufA. An online database for this MLST scheme has been set up using specially designed software, BIGSdb (Jolley & Maiden, 2010) and is available at http://pubmlst. org/magalactiae/. The greatest variation was seen in metS, with 36 polymorphisms found giving 6 different alleles. Twenty-three polymorphisms were found in dnaA giving 8 different alleles, 11 polymorphisms in tufA giving 5 different alleles, 3 polymorphisms in gltX giving 5 different alleles and 21 polymorphisms in gyrB giving 4 different alleles. The genetic diversity (H) was calculated for each locus using LIAN: dnaA had a diversity of 0.5035, gltX of 0.2227, gyrB of 0.3404, metS of 0.2227 and tufA of 0.6016 (Table 2) .
Determination of the index of association LIAN analysis gave a standardized index of association of 0.2318. Essentially this value of I A shows that the genetic diversity seen is due to mutation and not recombination and the genetic variation seen is in linkage disequilibrium.
Determination of allelic profiles and sequence types for strains
Sequences were analysed using the NRDB at http:// pubmlst.org/analysis/ and it was found that there were 17 STs among the 51 strains (as summarized in Table 3 ). ST-5 Fig. 1 .
Determination of BURST types
Three clonal complexes were found using BURST analysis. For this study, clonal complexes are defined as a group of multilocus genotypes in which every genotype shares at least three of the five loci in common with at least one other member of the group. The most likely ancestral genotype was identified by comparing in turn each genotype within a clonal complex with all other genotypes within the clonal complex. The ancestral genotype was defined as the genotype within the clonal complex that differs from the highest number of other genotypes in the clonal complex at only one locus out of five. To put it another way, the ancestral clone is that genotype defining the highest number of single-locus variants, or SLVs. SLVs are identical to the ancestral genotype at four loci, but differ at the fifth. The ancestral group comprised ST-4, which contained a single Greek strain 235F03. SLVs of the ancestral group were ST-6 from Greece and ST-10 and Fig. 1 . Dendrogram of MLST allelic profiles of isolates as determined using neighbour-joining analysis (scale bar represents number of differences). Pairwise distances were calculated using the unweighted pair group method with arithmetic averages (UPGMA). ST designations are indicated for each branch.
ST-13 from Mongolia. Double-locus variants (DLVs) of the ancestral group were ST-8 from Greece, ST-11 from Mongolia and ST-14 from Mongolia. Clonal complex 1 was centred on ST-2 from Greece and SLVs were ST1, the type strain from the USA and ST-9 from Greece. Clonal complex 2 was centred on ST-5, which contained strains of multiple European origins, and SLVs were ST-3 from Sardinia, ST-7 from Sardinia, and ST-16 and ST-17 from Spain. were not linked to the clonal complex and were singletons (Fig. 2) .
VNTR analysis
As was seen previously (McAuliffe et al., 2008) M. agalactiae isolates were relatively heterogeneous, with 12 different profiles obtained using VNTR analysis; these are summarized in Fig. 3 . Analysis of the 12 strains of M. agalactiae from Mongolia produced a unique set of profiles not observed before in any other M. agalactiae strains with either a 1112 or 1122 profile given.
Group 1 contained three Greek strains and the Spanish type strain. Groups 2 and 3 comprised five and six Mongolian strains respectively. Group 4 comprised two Greek isolates. Group 5 was a single Sicilian strain. Group 6 contained three Italian strains. Group 7 was a single Spanish isolate. Group 8 also consisted of a single Spanish isolate, L9. Group 9 contained two Greek strains, and the closely related group, group 10, also contained a (single) Greek strain. Group 11 contained a Spanish strain and a Greek strain, and group 12 was a large indistinguishable group of 23 European strains of multiple origins.
Congruence between MLST and VNTR analysis
MLST was capable of differentiating some strains which were indistinguishable using VNTR analysis. For example, VNTR group 1 could be separated into two groups using MLST analysis, with the type strain found to be distinctly different from all other strains. Strains in VNTR group 6 could also be differentiated using MLST analysis. Similarly, strains found to be identical by VNTR analysis (VNTR group 11, and strains S1, H and S4 in VNTR group 12) could be distinguished using MLST analysis. Conversely, a single strain 1640, which was different from all other strains using VNTR analysis, was found to fall into the large homogeneous European group using MLST analysis. Overall, the methods placed 75 % of strains into equivalent groups.
Determination of Simpson's index of diversity
Simpson's index of diversity was calculated to be 0.7843 for MLST analysis of these strains and 0.7746 for VNTR analysis.
DISCUSSION
To our knowledge this study is the first to undertake MLST analysis of the important small-ruminant pathogen M. agalactiae. Of the eight genes initially examined, five (gyrB, gltX, metS, dnaA and tufA) showed some degree of variation and were selected for inclusion in this MLST scheme. However, the other three genes that were investigated (recA, tpi and uvrC) were completely invariant over the entire region of sequence coverage (3486 bp). This suggests that these loci are under stabilizing selection, that is, the sequence is optimal for the function that it performs. Any other variation is deleterious and therefore it will not persist in the population. Nonetheless, this MLST scheme of five loci (3160 nt) offers a highly discriminatory typing method for M. agalactiae and was capable of subdividing 53 strains into 17 distinct sequence types, largely according to geographical origin. MLST detected unexpected diversity in recent isolates from Spain, identifying two novel outliers, and also enabled typing of novel Mongolian isolates for the first time. The analysis of the Mongolian isolates is interesting as as they form a distinct branch ( Fig.  1) and it can therefore be speculated that there are different lineages prevalent in Asia compared to Europe.
Previous comparative genome sequence analysis has indicated significant genome variation between M. agalactiae strains: an additional 95 genes (representing an extra 130 kbp) found in a field strain when compared to the PG2 type strain (Nouvel et al., 2010) . However, these genes are clearly non-essential and as such could be considered to be 'accessory genes'. The MLST work here demonstrates that sequence variation also occurs within housekeeping genes, indicating that the core genome is also variable. However, the large majority of variation for all five loci was synonymous ( Table 2 ), meaning that there was a smaller amount of variation in the expressed proteins. Each locus was shown to be under purifying selection by means of a one-tailed Z-test (P,0.005 for all loci), indicating that the coded proteins are essential and conserved for their respective functions. This is not unexpected for an organism with a minimal genome.
MLST analysis detected a large homogeneous group of European strains that were indistinguishable; a similar finding was also made using VNTR analysis (McAuliffe et al., 2008) , despite there being some isolates that differed using the two methods. Large groups such as this may be more successful (see below) or this result may indicate that these strains have been oversampled. It has previously been described how highly successful clones will become widespread in a population (Vos & Didelot, 2009) . Therefore these clonal strains may offer a selective advantage and studies should be undertaken to determine if they are significantly more persistent, more virulent or more recalcitrant to antibiotics than other strains.
Two strains (L9 and 281F03 from Spain) were found to be substantially different from all other strains studied and as such were singletons which did not fit into any clonal complex. Some regions from these strains could also not be Fig. 3 . Dendrogram of VNTR analysis of M. agalactiae strains. VNTR profiles were recorded as character data using allelic profiles and then dendrograms were constructed using neighbour-joining (scale bar represents number of differences). Pairwise distances were calculated using the unweighted pair group method with arithmetic averages (UPGMA). VNTR groups are designated for each branch.
amplified using primers based on the PG2 genome and required alternative primers based on the 5632 genome. These strains represent unusual isolates and are likely to be related to the unusual field strains described previously (Nouvel et al., 2010) , which possess additional genes, mobile genetic elements, gene families encoding surface proteins and integrative conjugative elements. The impact of these genomic differences on virulence and persistence of strains is worthy of future study.
Analysis was also carried out to determine what the relative contributions of mutation and homologous recombination (HR) were in the genetic diversity seen among M. agalactiae strains. It was found that diversity was largely due to mutation, with recombination playing a much smaller role. However, as described by Feil and co-workers (Feil et al., 2001; Feil & Enright, 2004) , with the possible exception of Salmonella enterica (Selander & Smith, 1990) , few bacterial species appear to be truly clonal, such that recombinational exchanges are absent, or so rare that they are observed only in genes under strong diversifying selection. In these species, clones should be stable because diversification at housekeeping loci depends almost entirely on the accumulation of point mutations, but, with increasing ratios of recombination to point mutation, bacterial clones should become increasingly transient. Care must be taken in the interpretation of values of HR, as Maynard Smith et al. (1993) first pointed out that the over-representation of closely related, high-frequency (epidemic) clones in a sample will lead to an inflated estimate of clonality of the population as a whole. Oversampling of a single clone in an epidemic population structure will therefore result in an underestimation of HR. Nonetheless, ST-5 was represented by isolates from temporally and spatially separated disease outbreaks, suggesting that this type may be stable and more pathogenic than other potential variants.
Interestingly, MLST has only been carried out on one other mollicute species, Mycoplasma hyopneumoniae, so it is difficult to test statistically whether HR is reduced in certain phylogenetic or ecological groups such as the mollicutes. HR was actually found to be relatively high for M. hyopneumoniae (Mayor et al., 2008) but as has been shown for other phyla, wide variation in HR rates can occur among species belonging to the same phylum or division (Vos & Didelot, 2009 ).
This study has also confirmed the utility of VNTR analysis as a rapid screening tool for molecular epidemiology purposes and it gave results that were largely congruent with the MLST analysis. Differences may largely be due to MLST being based on sequences of genes under purifying selection whist VNTR regions are by their nature likely to be under different levels of selection. As such MLST is likely to be more representative of evolutionary lineages, whilst VNTR could reflect local adaptations. However, MLST was capable of greater discrimination and has the added advantages of also providing meaningful information about population structure and being totally objective and subject to easy inter-laboratory comparison.
